Neurotrophic factors are now recognized to play important roles in the normal function of the mature central nervous system. This knowledge has motivated experiments to evaluate the potential benefits of administering neurotrophic factors to the aged brain. This article provides a review of studies to date that have determined the behavioral effects of such treatments. Nerve growth factor (NGF) administration appears to reliably enhance learning and memory in aged rats, while glial-derived neurotrophic factor (GDNF) causes some improvement in motor function. Problems associated with neurotrophic factor administration to humans are discussed.
INTRODUCTION
A number of small proteins, collectively termed neurotrophins or growth factors, play important roles in promoting cell survival and differentiation in the developing nervous system (reviewed in 1-3). Strictly speaking, neurotrophins are members of a family of structurally related molecules that includes nerve growth factor (NGF; 4), while growth factors are agents, such as fibroblast growth factor (FGF), that were first recognized as having effects in non-neural tissues. For the remainder of this article, neurotrophins and growth factors will be considered together under the more general term, "neurotrophic factors".
Many neurotrophic factors have been identified, and it is likely that many others remain to be discovered. Until fairly recently, it was thought that neurotrophic factors had no significant role in the adult brain. However, we now recognize that these molecules are necessary for select populations of CNS neurons to function normally, and perhaps even to survive (4) (5) (6) . Levels of some neurotrophic factors or their receptors decline in the aged brain (7) (8) (9) (10) , and brain regions that are targets of these factors (e.g., basal forebrain cholinergic neurons in the case of NGF) show age-related changes that include neuronal atrophy and loss (9, 11, 12) . Since infusion of NGF into the brains of young adult animals appeared to reduce cholinergic neuron death after experimentally-induced damage (13) (14) (15) , Fischer et al. (11) tested whether NGF administration might enhance cholinergic neuron survival and function in aged rats. In this experiment, treatment with NGF improved cholinergic neuron morphology, although it did not reduce agerelated neuron loss. However, perhaps the most impressive consequence of NGF treatment was that agerelated memory impairment was lessened. The purpose of this article is to provide a review of the studies that have examined the effects of neurotrophic factor administration in aged subjects at a behavioral level, and to discuss the potential promise of, and problems with, this approach as a therapy for age-related behavioral dysfunction in humans.
Domains of Behavioral Impairment in Aging
It is well known that advanced aging is accompanied by many changes in the central nervous system that can result in behavioral impairments. Aged individuals can suffer from dysfunction of sensory registration (e.g., impairments in vision, hearing, sense of smell, touch or taste), as well as reduced muscular strength and motor coordination. In addition, problems with information processing are observed, perhaps the most salient of which are impairments in learning and memory. The central targets of known neurotrophic factors include brain structures that are involved in cognitive or psychomotor function. Because of this, studies performed to date examining the effects of neurotrophic factor administration to aged animals have focused on these behaviors. By far the greatest number of such studies reporting positive results (improvement) in aged subjects have evaluated the effect of NGF upon learning and memory.
Effects of Neurotrophic Factors Upon Cognitive Factor
Spatial Learning. The most frequently used behavioral paradigm for evaluating the effects of neurotrophic factor treatment upon learning and memory has been the Morris water maze (16) . In this task, animals (usually rats or mice) are placed in a pool of tepid water and must swim to find a hidden escape platform. They initially find the platform by chance. However, after 10-20 training trials, young adult animals can swim more-or-less directly to the platform from any starting point at the edge of the pool. They are able to do this by identifying the platform's location in the pool with reference to visual, auditory and olfactory cues that are present in the environment surrounding the pool. Put another way, the animals learn the "place" where the escape platform can be found. Place, or spatial, learning is a well-developed ability in rodents, and critically depends upon the hippocampus (17) as well as connected cortical structures (18-22).
Spatial learning ability declines in aged rodents (23-25), as it does in aged humans (26-30). It has been hypothesized that this problem is at least partially due to reduced function of cholinergic inputs from the basal forebrain to hippocampus and cortex (31). This hypothesis is supported by two lines of evidence. First, lesions of cholinergic basal forebrain structures impair spatial learning (32-36). [Note however, that the results of studies using neurotoxins to selectively destroy neurons that supply cholinergic inputs to only the hippocampus or the cortex, but not both, have produced mixed effects in behavioral studies; compare (37) and (38).] Second, the morphology of basal forebrain cholinergic neurons changes during senescence, with most studies reporting shrinkage of cell bodies and loss of immunoreactivity in processes (e.g., 9, 39). These observations led to the idea that providing NGF to basal forebrain cholinergic neurons might enhance their function, and thereby reduce spatial learning impairments in aged rats.
An experiment testing this hypothesis was first published by Fischer et al. (11 ) . These authors reported that intracerebroventricular administration of NGF improved spatial memory retention in the water maze in aged (approximately 24 month old) female Sprague-Dawley rats. Cholinergic (acetylcholinesterase-positive) cell body sizes were increased in the nucleus basalis and in the striatum of NGF-treated animals, although the number of cholinergic neurons lost in the aged rats was not lessened by NGF treatment. Later studies by Fischer et al. extended these initial findings. Intracerebroventricularly applied NGF improved spatial memory retention in 18 month-and 24 month-old female SpragueDawley rats, but had minimal effect in 30-month old animals (40). Cholinergic neuron sizes, but not numbers, were in increased in NGF-treated rats, with the nucleus basalis and the striatum being most responsive. Similar behavioral findings in the water maze task were reported by Markowska et al. (41), using 23-month old male Fischer 344 rats, and by Chen et al. (42) , using 26-month old female Fischer 344 rats. More recently, it has been shown that direct intrahippocampal administration of NGF improved spatial learning in 26 month old male Long-Evans rats (43) .
More recent studies examining the effects of NGF administration to aged rats have explored alternative strategies to deliver the molecule to basal forebrain neurons. Chen et al. (44) and Martinez-Serrano et al. (45, 46) found an improvement in spatial memory following the grafting of cells that had been genetically modified to secrete NGF into the basal forebrain region. Placement of NGF-secreting cells in either the medial septal region (which projects to the hippocampus) or the nucleus basalis (which projects to neocortex) were both effective, there appearing to be no clear advantage to one region over the other, or to having NGF-secreting cells grafted to both locations. Lindner et al. (47) found that NGF-secreting cells that were encapsulated in semipermeable membranes and then implanted in the lateral ventricles of aged rats also improved spatial learning. Finally, B&ckman et al. (48) conjugated NGF to a transferrin receptor antibody to facilitate transport of NGF into the brain following peripheral intravenous administration. Improved performance of impaired aged rats in the water maze task was seen after five weeks of twice-weekly injections. Interestingly, systemic administration of the NGF conjugate affected the morphology of cholinergic neurons in the medial septal region, but not in the nucleus basalis.
Taken together, the results of these studies suggest that improvements in the function (to the extent that they are indicated by morphological measures) of either medial septal or basal nucleus cholinergic neurons are sufficient to improve spatial learning or memory in aged rats. Relatively few studies have observed an enhancement of learning per se (43, 45, 46, 48) . Instead, NGF administration resulted in improved memory (i.e., retention of spatial information). It has been argued that this dichotomy is a function of the dose of NGF administered, with enhanced learning seen only following higher doses (45) .
Thus, studies from a number of laboratories have demonstrated that administration of NGF to the brain of aged rats results in improvements in spatial learning or memory. This effect appears to show some dosedependence (i.e., higher doses of NGF produce greater improvement; 41). Beneficial effects of NGF administration have been observed after only 1 -1 V2 weeks in cases where NGF-secreting cells have been implanted directly into cholinergic nuclei (44, 46) . However, when NGF was delivered intracerebroventricularly, at least two weeks of infusion have been necessary for significant behavioral improvement to be observed (11, 40, 49, 50) . The magnitude of this behavioral improvement, while statistically significant compared to vehicle-treated aged animals, has not been sufficient to restore performance to the level of young adults. Finally, NGF administration has not improved age-related sensorimotor deficits (41, 47), suggesting some specificity for the"trophism" of this molecule.
Few studies of the effects of other neurotrophic factors upon learning and memory in aged rats have been performed, or at least described. Fischer et al. (49) found that, like NGF, NT-3 improved spatial learning when infused intracerebroventricularly, but that administration of an equivalent amount NT-4/5 produced only a marginal behavioral improvement, while BDNF was not effective at all. This pattern of results was mirrored in the change in cholinergic neuron morphology produced by the respective agents: NGF and NT-3 increased cell body size, while BDNF and NT-4/5 had no effect. Pelleymounter et al. (43) also found BDNF infusion to be ineffective in improving spatial learning in aged rats.
Working Memory. Working memory tasks require temporary mental manipulation of information. This information may be spatial (e.g., where you parked your car today) or factual (e.g., a telephone number just looked up). The important aspect of working memory is that the information has value for only a limited time, usually a period of minutes in studies designed for rodents. Aged rats have deficits in working memory (25, 51, 52), and chronic NGF administration has been shown to improve performance in several different working memory tasks. Working memory for spatial location is improved in aged male Fischer 344 rats in alternation tasks involving 2-choice "T"-mazes, either on land or in the water (41, 50). Lindner et al. (47) showed that performance in a repeated acquisition version of the water maze was also improved in aged male Fischer 344 rats that had received chronic NGF treatment at a dose that was either too low, or too briefly applied, to improve long-term spatial memory. While NGF administration did not affect performance of aged male Fisher 344 in a brightness discrimination maze (53) , it did improve the ability of aged male Wistar rats to recognize the difference between newly presented objects and objects presented one hour previously (54) .
Effects of Neurotrophic Factors On Motor Function
Improving sensory or motor function in aged subjects would be beneficial in its own right, as well as potentially providing the foundation for improvement in more complex behaviors such as cognition. However, there has not been nearly as much published experimental work to date that deals with this topic. Several studies have noted that motor-related parameters (such as swimming speed in the water maze) were not affected by treatment with NGF. In a more detailed study, Markowska et al. observed that intraventricular administration of NGF, at either of two doses that improved memory, had no effect upon the performance of aged male Fischer 344 rats in a battery of sensorimotor tests (41).
Thus, NGF does not appear to have a beneficial effect on aged sensory or motor systems. In contrast, another neurotrophin, glial cell line-derived neurotrophic factor (GDNF), which has been demonstrated to promote the survival of midbrain dopamine-containing neurons (55, 56) , has also been shown to reduce motor deficits in aged rats. In these studies, behavioral effects have been detected after injections of GDNF into the substantia nigra (57), the neostriatum (58, 59) or the lateral ventricle (60) of aged animals. The results of GDNF administration were to enhance general locomotor activity (57, 60) as well as to improve performance in more specific tests such as traversing an inclined balance beam (58) and bar pressing for food reward (59) . However, GDNF administration did not improve muscle strength or performance in the rotarod or in a food pellet retrieval task (the staircase test; 59). Further, the ability of GDNF to improve motor performance appears to be age-related. Improvement in the balance beam test was observed in 16-17 month old Fischer 344 rats (58), but not in somewhat older (approximately 21 month old) animals (59) .
Neurotrophic Factor Administration to Humans
The success of experimental studies in animals implies that neurotrophins might be effective for treating agerelated nervous system dysfunction in human beings. Germane to this review, NGF has been suggested as a potential treatment for Alzheimer's disease (e.g., 61, 62) and GDNF has been proposed as a therapy for Parkinson's disease (e.g., 63). Given the fanfare accorded these new therapeutic approaches, published reports of their use in humans are remarkably scarce. Several papers have been published describing positive results of intracerebroventricular administration of NGF to a single patient with Alzheimer's disease (64) (65) (66) , while, to my knowledge, no literature exists describing clinical experiences with GDNF. However, the paucity of written material is compensated for by a plethora of rumors that NGF and GDNF are ineffective in humans, or that their administration produces unacceptable side effects. Profound side effects have been observed in clinical trials with other neurotrophic factors (most notably, associated with the administration of ciliary neurotrophic factor, (CNTF) for the treatment of amyotrophic lateral sclerosis (67) . In addition, muscle pain and hyperalgesia were reported by healthy human volunteers that received a single dose of either subcutaneously or intravenously administered NGF. In rodent studies, weight loss following intracerebroventricular administration of NGF (68), as well as both mechanical and thermal hyperalgesia following systemic administration of NGF (69, 70) have been reported.
Thus, a critical aspect of the design of human studies must be recognition that neurotrophic factors have effects other than upon the target of interest. For example, evidence is emerging that NGF plays an important role in immune and endocrine system regulation, as well as modulating the function of sensory neurons in the peripheral nervous system (71, 72) . To avoid potential "nonspecific"effects of neurotrophic factor adminstration to the brain, delivery systems must be developed that provide very targeted dosing. Studies in rats indicate that intracerebroventricular administration does not meet this criterion (73) . In addition, other experimental work indicates that while delivery of very low doses of neurotrophic factors (directly into the brain parenchyma) for long time periods might be an effective treatment strategy, administration of high doses for short periods probably is not. Injections of cells that have been genetically modified to manufacture and secrete neurotrophic factors (44, 46, (74) (75) (76) might provide an avenue to implement the latter approach.
Finally, it must be recognized that side effects are a possibility with virtually every pharmacologically-based therapy that is currently available. In some treatments, such as cancer chemotherapy, side effects are virtually inevitable and are quite severe. However, these side effects are considered acceptable because: 1) there is no alternative treatment, and 2) the benefit of treatment outlasts the period of drug delivery when side effects are present. It can currently be argued that, although it is possible to provide a certain degree of symptomatic relief, there are no effective treatments for age-related neuropathological diseases such as Alzheimer's or Parkinson's disease. It has also been reported that, at least for NGF, some beneficial effects were detectable as long as one year after treatment (66) . If further work supports these initial observations, it would seem reasonable to consider neurotrophic factor treatment a viable clinical alternative, particularly if the side effects are treatable.
CONCLUSION
In summary, a great deal of experimental evidence indicates that the administration of neurotrophic factors to aged rodents has beneficial effects on certain types of behavior, particularly cognition. Preliminary studies in human beings suggest that the beneficial effects of neurotrophic factors are not limited to experimental animals. However, it will undoubtedly be many years before the therapeutic potential of these molecules can be thoroughly evaluated. Continued basic research into the effects of neurotrophic factors in aging is necessary to expand knowledge of potential targets, to refine dosing parameters, and to provide a complete understanding of how these agents achieve their effects.
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